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a b s t r a c t
Studies were conducted by exposing different life stages of Tribolium castaneum (Herbst), the red flour
beetle, and Trogoderma inclusum (LeConte), the larger cabinet beetle, for different time intervals to
18 C. Assessments were made of direct mortality to eggs, larvae, and adults, and eventual adult
emergence of immatures. Data were described by non-linear equations. The eggs and larvae were the
most tolerant life stage of T. castaneum. Eight hours of exposure were required for 100% kill of 3e4-day-
old eggs and 0e10- and 11e21-day-old larvae, but only 4, 0.5, and 0.5 h respectively were required to
completely inhibit adult emergence. For T. inclusum, the most tolerant life stage was 15e28-day-old
larvae; 64 and 16 h respectively were required for complete mortality and inhibition of adult emergence.
Results indicate that T. inclusum was the more tolerant species, and specific treatment protocols may be
required for different stored product beetle species when using 18 C as a disinfestation strategy.
© 2015 Published by Elsevier Ltd.
1. Introduction
Tribolium castaneum (Herbst), the red flour beetle, is a cosmo-
politan insect pest of stored products. It can be found in milling and
processing facilities, in bulk commodities, and in bulk grains.
Developmental time is dependent on food source, temperature, and
r.h. (Howe, 1965). In general, normal egg to adult development on
flour takes 6 weeks at 27 C, and the adult can live for months or
even for a couple of years in extreme cases (White, 1987; Howe,
1962). The life cycle is typical of many stored grain beetles, with
the adult capable of producing eggs for most of their lives (Howe,
1962).
Dermestid beetles can also infest many different stored prod-
ucts, but they are primarily found infesting processed and packaged
foods, and they are usually short-lived as adults (Rees, 2004).
Members of the family Dermestidae can be found throughoutmuch
of the temperate regions of the world (Rees, 2004), including the
United States (US) (Partida and Strong, 1970). In contrast to flour
beetles, dermestid adults typically live only for 2e3 weeks on
average, depending on temperature and diet (Loschiavo, 1960,
1967; Partida and Strong, 1970). Larvae of many dermestids can
enter diapause before reaching the adult stage (Partida and Strong,
1975; Wright et al., 2002). Trogoderma inclusum (LeConte), the
larger cabinet beetle, is a dermestid beetle that can infest bulk
grains, milled products, and structures in the US (Vick et al., 1973;
Partida and Strong, 1970; Hagstrum, 1987; Mullen and Arbogast,
1988). It is a diverse feeder and can be an important industrial
pest because of its wide host range and ability of the larvae to
persist on a limited food source (Partida and Strong, 1975). This
species is native to the US and/or the British Isles and is similar in
habits to other dermestid beetles (Beal, 1954), and it can co-exist
with other dermestids and mate within the genus but does not
produce viable hybrids (Vick, 1973; Vick et al., 1973).
Life stages of T. castaneum are differentially susceptible to
extreme high temperatures, with young larvae being the most
tolerant life stage (Mahroof et al., 2003a,b). Similar studies by
Wright et al. (2002) with Trogoderma variabile (Ballion), the ware-
house beetle, have shown that full-grown larvae were the most
heat-tolerant life stage to high temperatures. The use of cold
temperatures has also been advocated as a control strategy (Fields
and White, 2002), but most recent studies have been conducted
using extreme heat to kill insects rather than extreme cold.
Therefore, the objectives of this study were to: 1) determine the
time required to kill different life stages of T. castaneum and T.
inclusum at a target temperature of 18 C, and 2) compare sus-
ceptibility of the two species. The specific target temperature
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threshold was selected because it is a typical setting for commercial
freezing units used by the milling and processing industries in the
US (Johnson and Valero, 2003).
2. Materials and methods
This study was conducted at the USDA-ARS Center for Grain and
Animal Health Research, Manhattan, KS. The T. castaneum strain
used for the study was originally collected from a Midwestern food
storage facility in 2005, and the colony had been maintained on a
diet of 95% all-purpose wheat flour and 5% Brewer's yeast. The T.
inclusum strainwas collected from a rice mill in eastern Arkansas in
2012 and had been maintained on a diet of protein shake powder
consisting of 37% protein, 37% carbohydrates, 13% fiber, 5% fat, all by
weight, along with various other elements. T. castaneumwas reared
in 16:8 (L:D) inside an incubator set at 27.5 C and 65% r.h. The T.
inclusum colonies were reared in a different incubator set at 30 C
under the same light and r.h. conditions. Both species were reared
in 0.95 L glass jars. The freezer used in the study was a Percival
upright model I36NLXC9 purchased in 2011 (Percival-Scientific,
Perry IA, USA). The freezer was modified by the manufacturer to
contain a dual unit cooling system to minimize temperature spikes
during the timewhen the cooler was defrosting. Testing procedures
will be described separately for each species.
2.1. T. castaneum
The experimental unit for all life stages of T. castaneumwas a 7-
dram plastic vial (50 mm in height by 25 mm diameter). Pre-
liminary tests were done to define approximate exposure intervals
at the target temperature that would prevent eggs from advancing
past the initial larval stages, prevent larvae and/or pupae from
reaching the adult stage, or cause death of adults within a week
after exposure.
Exposure studies were done by exposing 25 individuals that
were in one of the following life stages to 18 C for 15, 30, 60, 90,
120, 240, 360, and 480 min (8 time intervals): 0e2 day-old eggs,
3e4 day-old eggs, 0e10-day-old larvae (young larvae), 11e21-day-
old larvae (old larvae), 0e4-day-old pupae, 5e8-day-old pupae,
0e7-day-old adults, and 21e28-day-old adults (8 life stages). Eggs
were collected by allowing 100e150 mixed-age adults from the
primary colony jars to oviposit on about 200 g of the same standard
rearing medium in each of two 118 ml glass jars for two days. The
adults were removed, and eggs were then collected by sifting the
flour through a US #60 standard testing sieve (openings of
0.25 mm), examining the flour under a stereo microscope, and
removing individual eggs using a low-airflow aspirator. Not enough
eggs could be collected on one day to set up all treatments, so this
process was repeated by establishing two sets of 118-ml jars each
time until all replications were complete. This resulted in multiple
sets of two 118-ml jars that were then maintained in the same
chamber as the primary colony, and larvae, pupae, and adults were
collected with forceps as the original progeny matured.
The 25 individuals of each life stagewere placed in a vial with no
food material to avoid insulation effects, set inside the freezer
maintained at the target of 18 C, and exposed at the eight time
intervals. We exposed the insects without food because, in this
study, we wanted to determine how long it took to kill the insects
once they reached the target temperature. The time required to
reach the target temperaturewould depend on type and quantity of
food. Thus, our results would be applicable to any type or quantity
of food infested by these insects. Groups of 25 individuals of each
specific life stage were also prepared as untreated controls.
Approximately 200 mg of the rearing diet was added to each
control vial, which were then immediately placed inside an
environmental chamber set at 27.5 C and 65% r. h. Upon comple-
tion of each exposure interval, the individual vials were removed
from the freezer and allowed to warm for about 1 h to room tem-
perature (about 25 C) to eliminate condensation and moisture
from the vials. Approximately 200 mg of the rearing diet was then
added to each vial as described above for the untreated controls,
and the vials were placed in the same environmental chamber as
the controls.
Vials containing immature life stages were held for one week,
and then mortality was assessed. These vials were then checked
weekly for adult emergence. Mortality of adults was assessed after
one week and after 21 days. After the initial survival assessment at
one week, an additional 200 mg of diet was added to each vial
containing an immature stage, in order to ensure sufficient food for
normal development to the adult stage. Each group of vials was
replicated six times.
Data were analyzed using the General Linear Models Procedure
of the Statistical Analysis System (SAS Institute, version 9.2, Cary,
NC, USA) to determine exposure time required for complete mor-
tality after 1 week, which is defined as the direct death of imma-
tures or failure of immatures to survive to the next life stage, or for
direct mortality of adults. The exposure time required to prevent
immatures from emerging as adults was also determined. Data for
individual life stages were plotted with time as the independent
variable and mortality as the dependent variable, and curves were
fit to the data using Table Curve software (Table Curve 2D Version
5.1, Systat Software, San Jose, CA, USA).
2.2. T. inclusum
Exposure studies were done by exposing 25 individuals that
were in one of the following life stages: 0e2 day-old eggs, 3e4 day-
old eggs, 5e6 day-old eggs, 0e14-day-old larvae (young larvae),
15e28-day-old larvae (old larvae), pupae, 0e4-day-old adults, and
5e8-day-old adults (8 life stages). Eggs were collected as previously
described for T. castaneum by allowing 100e150 mixed-age adults
from the primary colony jars to oviposit on about 200 mg of the
same standard flour rearing medium used for T. castaneum in each
of two 118 ml glass jars for two days. The adults were removed, and
eggs were then collected by sifting the flour through a US #70
standard testing sieve (openings of 0.25 mm), examining the flour
under a stereo microscope, and removing individual eggs using a
low-airflow aspirator. However, after eggs were collected, they
were transferred to 118-ml jars containing 200 g of the protein
shake rearing medium. This process was repeated continuously, as
described for T. castaneum, by establishing two sets of 118-ml jars
each time until all replications were complete. These multiple sets
of two 118-ml jars containing the protein shake rearing medium
were maintained in the 30 C chamber described above, and larvae,
pupae, and adults were collected with forceps as the original
progeny matured.
Preliminary studies showed that longer exposure times were
required to kill eggs of T. inclusum compared to T. castaneum,
therefore assessment times are described in hours rather than
minutes. The 25 individuals of each life stage were placed in a vial
with no food material, again to avoid insulation effects, set inside
the freezer maintained at the target of 18 C, and exposed at
various time intervals as follows: eggs 2, 4, 6, 8, 10, 12, 14, and 16 h;
15e28 day-old-larvae, 8, 16, 24, 32, 40, 48, 56, 64, and 72 h; and
adults 4, 8, 12, 16, 20, and 24 h. Preliminary tests showed that 0e14-
day-old young larvae and pupae were the most susceptible life
stages, therefore the exposure times used for these stages were the
same intervals as those used for T. castaneum, 0.25, 0.5, 0.75,1,1.5, 2,
4, 6, and 8 h. Groups of 25 individuals of each specific life stagewere
also prepared as untreated controls. Approximately 200 mg of the
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protein shake rearing diet was added to each control vial, which
were then immediately placed inside an environmental chamber
set at 30 C and 65% r. h. Upon completion of each exposure in-
terval, the individual vials were removed from the freezer and
allowed towarm for about 1 h to room temperature (about 25 C) to
eliminate condensation and moisture from the vials. Approxi-
mately 200 mg of the rearing diet was then added to each vial, as
described for T. castaneum, and the vials were placed in the same
environmental chamber as the controls. Assessments were made
weekly as for T. castaneum, except that mortality counts for adults
were made at 2 days post-exposure. After this time, mortality
began occurring in unexposed controls as the adult stage is rela-
tively short for this beetle species. Data were analyzed using the
SAS Procedures and Table Curve Software as described above for T.
castaneum.
3. Results
3.1. T. castaneum
The main effects life stage and exposure time, and their inter-
action, were significant at P < 0.01 for both the initial survival after
one week (F ¼ 194.6, df ¼ 7, 390; F ¼ 553.4, df ¼ 9, 390; and
F ¼ 18.5, df ¼ 61, 390, respectively), and also for eventual adult
emergence of immatures (F ¼ 68.4, df ¼ 7, 390; F ¼ 2377.3, df ¼ 9,
390; and F¼ 56.8, df¼ 61, 290, respectively). Data for individual life
stages were analyzed by fitting curves to the data (Table 1). Initial
survival and adult emergence decreased exponentially as the
exposure time increased. Significant differences within a particular
life stage and exposure interval were also determined (t-test,
P < 0.05). In some cases curves could not be fit to the data because
survivorship was essentially 0 after 15 min of exposure to 18 C.
Survival of 0e2-day-old eggs exposed to 18 C, as assessed by
percentage of egg hatch, decreased to near 0 as exposure time
increased from 15 to 120 min (Fig. 1A). Scattered hatch occurred
beyond 120min. The 3e4-day-old eggs were slightlymore tolerant.
Survival was usually greater compared to the 0e2-day-old eggs at
the shorter exposure intervals, with scattered survival beyond
120 min (Fig. 1B). However, most of the hatched larvae from the
0e2-day-old eggs eventually died before reaching the adult stage,
as there was little eventual adult emergence beyond the 90-
min exposures (Fig. 1C). Adult emergence was generally higher in
the 3e4-day-old eggs exposed for 15e60 min to 18 C compared
to the 0e2-day-old eggs (Fig. 1D). No 0e10-day-old larvae survived
beyond 15 min of exposure to 18 C (Fig. 2A), whereas survival of
11e21-day-old larvae did occur out to the 360-min exposures
Table 1
Parameters for equations describing the relationships between exposure time (x in minutes) and survival (%) or adult emergence (%) of different life stages of T. castaneum. All
equations are of the form Y ¼ a þ bexp (x/c). R2 given as a calculated R2 and also the maximum R2 (Max.) of any line that could be fit to the dataset (Draper and Smith, 1981).
Equations could not be determined for life stages not listed because survival was at or near 0 by the 30-min exposure interval.
Life stage a b c R2 Max. R2
Initial survival after one week
0e2-day-old egg 2.97 ± 2.4 84.72 ± 4.5 29.92 ± 3.5 0.85 0.86
3e4-day-old egg 0.64 ± 2.4 85.88 ± 3.3 84.20 ± 8.0 0.92 0.93
11e21-day-old larvae 0 102.8 ± 4.4 26.87 ± 2.21 0.89 0.94
Adult emergence
0e2-day-old egg 0 76.0 ± 3.5 17.31 ± 1.7 0.87 0.87
3e4-day-old egg 4.86 ± 3.1 79.23 ± 3.9 47.30 ± 5.6 0.90 0.93
Fig. 1. Percentage survival (mean ± SEM) of 0e2- and 3e4-day-old eggs of T. castaneum (AB) exposed to18 C and percentage (mean ± SEM) of those eggs able to emerge as adults
(CD). Time 0 is the untreated control. When possible, curves are fit to the data using parameters listed in Table 1. Asterisks by a value for survival indicate a significant difference
(P < 0.05) for that exposure time between the two age classes of eggs.
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(Fig. 2B). However, for both larval age classes, none of the larvae
exposed to 18 C for more than 15 min were able to emerge as
adults (Fig. 2CD).
After one week nearly all pupae in untreated controls had
emerged, regardless of age class, therefore the only measure
assessed was adult emergence after 15 min of exposure to 18 C,
which was 2.2 ± 2.2% and 1.3 ± 1.3% for 0e4-day-old and 5e8-day-
old pupae, respectively (Fig. 3AB). There was no survival at any
exposure time beyond 15min. Similarly, we report data only for the
mortality assessment that was made for adults after 21 days.
Survival of 0e7-day-old and 21e28-day-old adults after 15 min of
exposure to 18 C was low, only 2.0 ± 2.0 and 1.3 ± 1.3%,
respectively (Fig. 3CD).
Data were also examined by determining the first exposure in-
terval in our study that produced 100% mortality or 100% inhibition
of adult emergence (Fig. 4). Minutes were converted to hours for
ease of comparison between initial mortality of immature stages
and adult emergence, and also eventual comparison to data for T.
inclusum. The final assessments were done at 2, 4, 6, and 8 h, so the
effects could have occurred earlier than what is listed because of
Fig. 2. Percentage survival (mean ± SEM) of 0e10- and 11e21-day-old larvae of T. castaneum (AB) exposed to18 C and percentage (mean ± SEM) of those larvae able to emerge as
adults (CD). Time 0 is the untreated control. When possible, curves are fit to the data using parameters listed in Table 1. Asterisks by a value for survival indicate a significant
difference (P < 0.05) for that exposure time between the two age classes of larvae.
Fig. 3. Percentage adult emergence of 0e4- and 5e8-day-old pupae (mean ± SEM) of T. castaneum (AB) exposed to 18 C, and percentage survival of (mean ± SEM) of 1e7- and
21e28-day-old adults (CD). Time 0 is the untreated control.
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the gap between the assessment times. Although the young larvae
were one of the most tolerant stages at the initial one-week mor-
tality assessments, these larvae for the most part did not emerge as
adults (Fig. 4). Similarly, none of the eggs survived by the 8-hr
exposures, but the older eggs clearly were the most tolerant stage
as they required 4 h of exposure to18 C for complete inhibition of
adult emergence (Fig. 4).
3.2. T. inclusum
The main effects life stage and exposure time, and their inter-
action, were significant at P < 0.01 for both the initial survival after
oneweek (F¼ 36.8, df¼ 7, 355; F¼ 358.6, df¼ 21, 355; and F¼ 16.4,
df¼ 42, 355, respectively), and also for eventual adult emergence of
immatures (F ¼ 82.5, df ¼ 7, 355; F ¼ 138.7, df ¼ 21, 355; and
F ¼ 29.3, df ¼ 42, 355, respectively). Data for individual life stages
were analyzed as was done for T. castaneum by fitting curves to the
data (Table 2), and similar to T. castaneum, initial survival and adult
emergence decreased exponentially as exposure time increased.
However, the exposure times for the different life stages of T.
inclusum were analyzed in hours rather than minutes as was done
for T. castaneum. When possible, significant differences within a
particular life stage and exposure interval were also determined (t-
test, P < 0.05). However, in most cases this could not be done
because of the time differences between initial survival and inhi-
bition of adult emergence. In some cases curves could not be fit to
the data because values were essentially 0 beyond the first expo-
sure period.
Survival of 0e2-day-old and 3e4-day-old eggs of T. inclusum
was about 50% for up to 4 h of exposure to 18 C, and did not drop
below 20% until the 8-and 10-h exposure intervals (Fig. 5AB). In
contrast, the older egg stage of 5e6 days was much more suscep-
tible compared to the other age classes. Survival was nearly 0% after
only two hours of exposure, and survival of 5e6-day-old eggs was
lower compared to the other two age classes for all exposure in-
tervals up to 8 h (Fig. 5C). Adult emergence was only about 20% in
the untreated controls, possibly due to larval cannibalism
(Fig. 5DEF). Emergence was less than 10% in eggs exposed for 2 h,
between 0 and 3% for exposures of 4 and 6 h, and 0 at all other times
(Fig. 5DEF).
Survival of 0e14-day-old larvae declined from 88% after 15 min
exposure to 33% after 30 min, and ranged from 0 to 2.7% after one
hour (Fig. 6A). In contrast, the 15e28-day-old larvae were much
more tolerant to exposure at 18 C, and survival did not drop
below 20% until after 32 h of exposure (Fig. 6B). Adult emergence of
unexposed control 0e14-day-old larvae was 46.7 ± 8.5% compared
to 89.0 ± 2.4% for the older larvae, presumably because there were
less effects of cannibalismwith the older larvae. Evenwith the high
survival of 15e28-day-old larvae, there was little adult emergence
of exposed larvae of either age class (Fig. 6CD). Adult emergence of
the one age class of exposed pupae declined quickly from 15 to
60 min, with little survival occurring at 60 or more minutes of
exposure (Fig. 7A). The 0e4-day old adults were more tolerant to
exposure at 18 C compared to the 5e8-day old adults (Fig. 7BC).
Data were also examined by determining the first exposure in-
terval in our study that produced 100% mortality or 100% inhibition
of adult emergence of T. inclusum, as was done for T. castaneum.
Older larvae of T. inclusum were the most tolerant life stage,
requiring 64 h of exposure to 18 C for 100% mortality and 16 h of
exposure for 100% inhibition of adult emergence (Fig. 8). As was the
case with T. castaneum, mortality could have occurred earlier than
what is listed because of the gap between the assessment times.
However, it is clear much longer times were required for complete
mortality and complete adult suppression of the immature stages
of T. inclusum compared to T. castaneum.
4. Discussion
There are a number of previous studies which review and
discuss high temperature and its effects on stored product insects
(Fields, 1992; Abdelghany et al., 2010; Fields et al., 2012), and there
is considerable variation in the susceptibility of individual life
stages to extreme heat. The egg of the cigarette beetle Lasioderma
Fig. 4. First exposure time interval where no survival of an individual life stage of T.
castaneum occurred (black bar) and the first time interval that produced no adult
emergence of the exposed life stage (grey bar). No time is shown for survival of pupae,
and only survival is shown for adults. Lv, larvae; Pu, pupae; and Ad, adults.
Table 2
Parameters for equations describing the relationships between exposure time (x in hours) and survival (%) and adult emergence (%) of different life stages of T. inclusum. All
equations are of the form Y¼aþ bexp (x/c). R2 is given as a calculated R2 and also themaximum R2 (Max.) of any line that could be fit to the dataset (Draper and Smith,1981).
Equations could not be determined for life stages not listed because survival was at or near 0 by the 30-min exposure interval.
Life stage a b c R2 Max. R2
Initial survival after one week
0e2-day-old egg 29.14 ± 17.0 101.12 ± 15.4 10.40 ± 3.1 0.84 0.89
3e4-day-old egg 12.67 ± 7.8 89.94 ± 7.3 7.08 ± 1.5 0.84 0.87
0e14-day-old larvae 2.42 ± 2.5 107.90 ± 5.3 0.48 ± 0.1 0.88 0.96
15e28-day-old larvae 4.08 ± 3.9 96.08 ± 4.5 22.72 ± 2.8 0.90 0.92
0e4-day-old adults 1.60 ± 2.7 100.28 ± 4.5 4.81 ± 0.6 0.93 0.93
Adult emergence
0e2-day-old egg 0.09 ± 1.5 24.50 ± 3.7 1.61 ± 0.7 0.87 0.87
3e4-day-old egg 0.16 ± 1.1 26.89 ± 2.6 1.86 ± 0.4 0.69 0.69
pupae 3.50 ± 2.3 112.26 ± 4.8 0.49 ± 0.1 0.90 0.99
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Fig. 5. Percentage survival (mean ± SEM) of 0e2-, 3e4-, and 5e6-day-old eggs of T. inclusum (ABC) exposed to18 C and percentage (mean ± SEM) of those eggs able to emerge as
adults (CDE). Time 0 is the untreated control. When possible, curves are fit to the data using parameters listed in Table 2. Different letters by a value for survival indicate a significant
difference (P < 0.05) for that exposure time between the three age classes of eggs.
Fig. 6. Percentage survival (mean ± SEM) of 0e14- and 15e28-day-old larvae of T. inclusum (AB) exposed to 18 C and percentage (mean ± SEM) of those larvae able to emerge as
adults (CD). Time 0 is the untreated control. When possible, curves are fit to the data using parameters listed in Table 2.
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serricorne (Fab.) was the most tolerant life stage (Yu et al., 2011),
while the most tolerant life stages of Tribolium confusum (Jacque-
line DuVal), the confused flour beetle, and T. castaneum were old
larvae (Boina and Subramanyam, 2004) and young larvae (Mahroof
et al., 2003a,b), respectively. Fields (1992) summarizes various
studies regarding effects of high temperatures on different stored
product beetles and life stages.
A synthesis of the available literature of the Fields (1992) review
indicated that eggs of beetle species were the life stage most sus-
ceptible to cold temperatures. The recent study by Abdelghany et al.
(2010) stated that eggs of Stegobium paniceum (L.), the drugstore
beetle, were the most susceptible life stage to 0 C. They also
summarized literature supporting the view that generally adults of
stored product beetle species were the least susceptible life stage to
cold temperatures. In studies with stored product moths, the egg
was the most tolerant life stage (Fields, 1992; Abdelghany et al.,
2010; Limonta and Locatelli, 2015). Many of the studies cited in
the reviews by Fields (1992) and Abdelghany et al. (2010) were
focused on developmental studies at low temperatures, and not on
using low temperatures as a potential disinfestation strategy;
consequently the lowest temperatures used in those studies was
rarely lower that 0 C.
Johnson and Valero (2003) investigated use of commercial
freezers set at 18 C to control cowpea weevils, Callosobruchus
maculatus, in garbanzo beans. They found that the eggwas themost
tolerant stage, while adults were least tolerant. Similarly, Eaton and
Kells (2011) reported the eggs of the mold mite, Tyrophagus
putrescentiae, were most tolerant to cold, while nymphs and adults
were less tolerant. Control of 90% of all stages of the mites could be
achieved in 5 h at 18 C. Eliopoulos et al. (2011) reported that
almost all stages of Oryzaephilus surinamensis, T. confusum, and
Trogoderma granariumwere dead after 4 h of exposure to16 C. O.
surinamensis larvae were dead after 8 h, while older T. granarium
larvae and adults required 48 and 24 h, respectively, for complete
mortality. Results from our study for T. inclusum in the same genus
were similar to that of Eliopoulos et al. (2011).
In our study we assessed susceptibility of T. castaneum and T.
inclusum by examining egg hatch, larval mortality, or adult mor-
tality one week after exposure at various time intervals to 18 C,
and by assessing eventual adult emergence of exposed eggs, larvae,
and pupae. In general, the time for exposure that was required to
completely inhibit adult emergence of immatures was much lower
than the time required for direct mortality of those immatures.
Older eggs and larvae of both species were the most tolerant stages
in relation to direct mortality, while eggs of T. castaneum and
15e28-day-old larvae of T. inclusum were the most tolerant stages
using the measure of eventual adult emergence. Larval survival of T.
inclusum occurred out to 64 h, but a 16-h exposure completely
inhibited adult emergence. Eight and 64 h of exposure to 18 C is
required to kill all stages of T. castaneum and Trogoderma inclusum,
respectively, while 4 and 16 h, respectively, of exposure to18 C is
required to prevent development to the adult stage of both species
from immature stages. The larvae appeared to be arrested in that
stage, similar to exposure to an insect growth regulator. Also, adults
of both species were generally the most susceptible stage, not the
most tolerant as has been reported for most studies. The fact that
we used two measures to assess susceptibility and used a tem-
perature far lower than what was used for most studies could ac-
count for our discrepant results.
Our study also indicated variation in egg susceptibility to18 C
with age. The 3e4-day-old eggs of T. castaneumwere more tolerant
than the 0e2-day-old eggs, while the 5e6-day-old eggs of T. inclu-
sum were much more susceptible than the 0e2- and 3e4-day-old
eggs. The neonates of T. inclusum were plainly visible in the 5e6-
day-old eggs, indicating that differences in development between
the two species may play a role in conferring susceptibility. Recent
studies by Kharel et al. (2014a,b) showed that eggs of T. castaneum
and T. confusum were the life stage most susceptible to pyrethrin
aerosol. Many previous studies have shown that the egg stage of
stored product insects is generally the most tolerant life stage to
fumigants (Hartzer et al., 2010; Tsai et al., 2011; Phillips et al., 2012).
In our study, eggs of T. inclusum were much more tolerant to
18 C than eggs and larvae of T. castaneum. The difference in
Fig. 7. Percentage adult emergence of pupae (mean ± SEM) of T. inclusum (A) exposed
to 18 C and percentage survival of (mean ± SEM) of 0e4- and 5e8-day-old adults
(BC). Time 0 is the untreated control. When possible, curves are fit to the data using
parameters listed in Table 2.
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susceptibility of eggs may relate to the physical structure of the
eggs, including aeropyles and micropiles, respiratory openings on
the chorion (Gautam et al., 2014, 2015) which could provide gas and
air exchange into the egg. The thickness of the chorion may also be
a factor in diffusion of cold into the egg. Gautam et al. (2015) state
that the types of layers and relative thicknesses of different layers of
the chorion also vary across insect species. Hence, differences in
susceptibility of eggs of T. castaneum and T. inclusum may relate to
these differences in egg structure, but further confirmatory
research is needed.
These studies were conducted with only one strain of each in-
sect species. The T. castaneum strainwas a field-collected strain that
had been in culture since 2005, while the T. inclusum strain was
collected from the field in 2012 and cultured in the lab since that
time. There are studies that show field strains of stored product
beetles can vary in their susceptibility to insecticides, and may be
more tolerant than pesticide-susceptible strains that have been
reared for long time periods in the laboratory (Sehgal et al., 2013,
2014). Thus, while our results can be used as general guidelines
for susceptibility of different life stages of T. castaneum and T.
inclusum and to compare relative susceptibility of the two species,
field strains exist in fluctuating temperatures and may show sus-
ceptibility different from our results. Acclimation of stored product
insects to cold temperatures will affect susceptibility (Fields, 1992;
Fields et al., 2012), therefore longer exposure times may be needed
under field conditions to achieve the same results. However,
commercial use of freezers to disinfest stored products would occur
mainly during the summer when insect infestations are most se-
vere, so acclimationwould not be an issue. We did not include food
in our treatment vials because we wanted to determine the time
required to kill insects using freezing independent of the com-
modity infested. Thus, our results are applicable to any commodity
by measuring temperature in the commodity until 18 C is
reached or by using models that predict cooling temperatures of
commodities (e.g., Mascheroni and Calvelo, 1982; Flinn et al., 2015).
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